Although the harsh space environment imposes many severe challenges to space pioneers, space exploration is a realistic and profitable goal for long-term humanity survival. One of the viable and promising options to overcome the harsh environment of space is nuclear propulsion. Particularly, the Nuclear Thermal Rocket (NTR) is a leading candidate for nearterm human missions to Mars and beyond due to its relatively high thrust and efficiency.
a b s t r a c t
Although the harsh space environment imposes many severe challenges to space pioneers, space exploration is a realistic and profitable goal for long-term humanity survival. One of the viable and promising options to overcome the harsh environment of space is nuclear propulsion. Particularly, the Nuclear Thermal Rocket (NTR) is a leading candidate for nearterm human missions to Mars and beyond due to its relatively high thrust and efficiency.
Traditional NTR designs use typically high power reactors with fast or epithermal neutron spectrums to simplify core design and to maximize thrust. In parallel there are a series of new NTR designs with lower thrust and higher efficiency, designed to enhance mission versatility and safety through the use of redundant engines (when used in a clustered engine arrangement) for future commercialization. This paper proposes a new NTR design of the second design philosophy, Korea Advanced NUclear Thermal Engine Rocket (KANUTER), for future space applications. The KANUTER consists of an Extremely High Temperature Gas cooled Reactor (EHTGR) utilizing hydrogen propellant, a propulsion system, and an optional electricity generation system to provide propulsion as well as electricity generation. The innovatively small engine has the characteristics of high efficiency, being compact and lightweight, and bimodal capability. The notable characteristics result from the moderated EHTGR design, uniquely utilizing the integrated fuel element with an ultra heat-resistant carbide fuel, an efficient metal hydride moderator, protectively cooling channels and an individual pressure tube in an all-in-one package. The EHTGR can be bimodally operated in a propulsion mode of 100 MW th and an electricity generation mode of 100 kW th , equipped with a dynamic energy conversion system. To investigate the design features of the new reactor and to estimate referential engine performance, a preliminary design study in terms of neutronics and thermohydraulics was carried out. The result indicates that the innovative design has great potential for high propellant efficiency and thrust-to-weight of engine ratio, compared with the existing NTR designs. However, the build-up of fission products in fuel has a significant impact on the bimodal operation of the
Introduction
Space exploration and human colonization of the outer planets can be justified on the basis of it being a long-term insurance policy for ensuring the continuation of human civilization and other forms of terrestrial life. In addition, such endeavors have the potential to rapidly accelerate the advancement of science and technology, although the costs involved are likely to be high. Long-distance space missions, however, impose many challenges due to the extremely harsh space environment that necessitates life support, space radiation protection from solar flares and cosmic rays, externally independent energy sources and propellants, and numerous safety concerns. Therefore, space pioneers demand efficient and trustworthy space power and propulsion systems to reduce the mission duration, risks, and costs. At present, there are two major types of space propulsion classified according to their energy sources: chemical energy and nuclear energy. Until now, chemical rockets (CRs) have dominated most space programs based in Earth's orbit. However, manned missions to Mars and beyond, that make use of conventional CRs, will seriously suffer due to the enormous propellant requirement and correspondingly high launch costs resulting from the associated low propellant efficiency. This, in turn, could result in a longer trip time. Meanwhile, nuclear rockets have at least twice the propellant efficiency of chemical propulsion, allowing a reduction in propellant requirement and launch costs. Nuclear rocket engines can also be configured to operate bimodally, by converting the surplus nuclear energy to auxiliary electric power, required for the operation of a spacecraft. Moreover, the concept and technology of the nuclear rocket are very simple, already proven, and safe [1, 2] . Considering these factors, nuclear propulsion is the most attractive option for long-distance space exploration or exploitation. Space development is not the duty of just a few nations that are advanced in space technology. The Republic of Korea (ROK), which successfully launched the two-stage NARO rocket carrying a satellite, is also one of the volunteers in the international efforts at space exploration and the expansion of human civilization beyond the Earth. The ROK government has also recently shown extensive support for the Korean space program through its long-term space development plan, praising the success of NARO as evidence of a positive outlook. This is particularly important given that the ROK promises great potential in terms of developing space nuclear systems, as it already develops advanced nuclear technology as a major nuclear energy country, even exporting it to other countries. In fact, the ROK has already begun the research and development of space nuclear systems. The Korea advanced nuclear thermal engine rocket (KANUTER) is an innovative, ultrasmall nuclear thermal rocket (NTR) engine currently being designed at Korea Advanced Institute of Science and Technology (KAIST) for future generations [3] . KANUTER has the following characteristics for meeting the leading NTR design requirements: high efficiency, compact and lightweight system, and optional bimodal capability (capable of both propulsion and electricity generation). This paper briefly introduces the general principle of nuclear thermal propulsion (NTP), and proposes the innovative concept of KANUTER by describing the system and its neutronic and thermohydraulic design features.
2.
Why nuclear propulsion in space?
Nuclear-based systems can provide electricity, heat, and propulsion for space missions that are well beyond the capabilities of solar power, fuel cells, and conventional chemical systems. There are three main classifications of nuclear energy for space applications: radioisotope decay, nuclear fission, and nuclear fusion. Among these nuclear energy sources, nuclear fission energy is the most feasible option in terms of both sufficient energy density and technical maturity for high thrust propulsion missions. In particular, nuclear fission energy can power three types of space propulsion: nuclear pulse propulsion (NPP), nuclear electric propulsion (NEP), and NTP. NPP involves the detonation of small nuclear explosive devices behind a spacecraft to generate immense thrust. For shorter trips with high acceleration, an NPP system will be preferred, despite having lower propellant efficiency. This concept, however, is currently unrealizable due to the enormous radiation exposure and the Nuclear Test Ban Treaty. NEP uses a bank of electric thrusters powered by a fission reactor. Although NEP has a very high propellant efficiency, it is problematic because of its low thrust-to-weight ratio, and the low acceleration. Perhaps future missions to the outer planets (such as Jupiter and beyond) will require an NEP system. NTP directly utilizes the thermal energy of a fission reactor to heat a low molecular weight propellant producing thrust through a thermodynamic nozzle. NTP represents the most promising and near-term method for human solar system missions, because it ensures not only high thrust, but also high propellant efficiency [4e6]. This section briefly introduces the general principle, advantages and applications of the NTP system for the purpose of informing the public.
General principle of NTR
NTRs use nuclear fission reactors similar to those safely employed in nuclear power plants and propulsion ships. They utilize thermal energy released from the fission reactor to heat a single low molecular weight propellant, i.e., hydrogen (H 2 ). This is the basic difference from a CR which utilizes the N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 6 7 8 e6 9 9 chemical reaction energy from a bipropellant such as H 2 fuel and an oxidizer. The nuclear reactor of an NTR, which could be named as an extremely high temperature gas cooled reactor (EHTGR), is heated to the maximum temperature without fuel melting by fission energy, and is cooled by the H 2 propellant. The propellant absorbs enthalpy from the EHTGR and is expanded out through a converging-diverging nozzle at very high temperature and exhaust velocity (v e ) as depicted in Fig. 1 . The main components of an NTR engine are a propellant feeding system (PFS) housing a turbo-pump assembly (TPA), an EHTGR, and a thermodynamic nozzle. The liquid H 2 is stored in insulated propellant tanks and is drawn through a pump of the TPA. The pump then sends the pressurized H 2 flow to coolant channels in the secondary reactor components (the nozzle, moderator, reflector, etc.) to extract heat for the propellant feeding power. After cooling the secondary components, the accessorily heated H 2 flows up to the TPA to drive its turbine. The H 2 then flows into the primary fuel zone in the reactor core and is exhausted through the thermodynamic nozzle at 2,500 K to over 3,000 K to generate rocket thrust [7] .
Advantages of NTR
Nuclear propulsion is indispensable in the exploration and exploitation of deep space due to its enormous energy density. NTRs also have notable advantages over conventional CRs. First, the propellant efficiency of NTRs is more than double, owing to the combination of enormous energy density and the use of the lowest possible molecular weight propellant (H 2 ). A propellant efficiency parameter of rocket engines is specific impulse (I sp ), which represents the ratio of the thrust over the rate of propellant consumption as shown in Eq. (1). I sp is also related to the temperature of the reactor core and the molecular weight of the propellant. Eq. (2) explains why the I sp of an NTR is able to be at least twice that of the best CR using denser bipropellant with the same exhaust temperature: 
where F ¼ thrust, _ m ¼ mass flow rate (MFR), g 0 ¼ Earth's gravity acceleration, v e ¼ exhaust velocity, T core ¼ temperature of core, and MW ¼ mean molecular weight of propellant.
If the maximum exhaust temperature of an NTR is around 3,000 K, which is limited by the nuclear fuel's melting temperature and the heat transfer capability in the core, an I sp as high as 1,000 seconds can be achieved as compared to only about 450~500 seconds in the case of the best CR. Because of the higher propellant efficiency, NTRs are able to accomplish longer space missions at much lower propellant requirements which then result in cheaper launch costs. For example, an NTR yielding 906 second I sp requires only a propellant mass of 244 tons (t) for the 2033 human Mars orbital mission [8, 9] , instead of 688 t of propellant required for a CR yielding 500 second I sp .
The second advantage is that an NTR engine system can be configured for bimodal functions; both propulsion and electric power generation. The bimodal NTR engine is able to produce electric power accessorily with a dynamic power system that utilizes the existing reactor's heat. The electric power of a spacecraft is essential for life support, ship controls, communications, other instruments, and even auxiliary electric Fig. 1 e Typical operating principle of a nuclear thermal rocket. EHTGR, extremely high temperature gas cooled reactor; NERVA, nuclear engine for rocket vehicle application. 
thrust increasing DV. Bimodal NTRs are able to eliminate the need for additional electric power sources such as a radioisotope thermoelectric generator or a solar electric system, the electric generation capacities of which are very low compared to their heavy weights. In contrast, conventional CRs need additional heavy electric power systems.
Third, NTR technology has already been developed and successfully tested for >50 years. It is simple in its overall concept and could be compatible with contemporary space vehicles [1] . Substantial research and development of NTR technology was carried out as part of the ROVER and the Nuclear Engine for Rocket Vehicle Application (NERVA) projects in the USA from 1955 to 1973. These major projects, in which 20 different reactors were built and tested, are considered brilliant technical successes demonstrating the practical feasibility of NTR engines. In particular, the smallest engine tested in the projects, "Pewee", was considered sufficient for a human Mars mission when used in a multiple engine arrangement [9, 10] . After these major projects, the research on NTRs has continued until today. NERVA-derived engine concepts, which are built on the state-of-the-art technology of the ROVER and NERVA projects, vary the engine designs to increase rocket performance. The representative NERVAderived engine is the small nuclear rocket engine and its enhanced version suitable for the National Aeronautics and Space Administration's (NASA's) Mars Design Reference Architecture 5.0 (DRA 5.0) [11, 12] . In addition, there has been extensive research on innovative NTR engines pursuing more efficient, compact, and lightweight designs for the next generation such as the particle bed reactor engine [13] , MIniature reacTor Engine-E [14] , square lattice honeycomb engine [15] , and Thermal Engine Rocket Adventurer [16] . Therefore, the feasibility of long-distance space missions using NTRs is not a technical issue, but rather requires a political decision based on public acceptance. Table 1 summarizes the performance characteristics of the representative NTR engines.
Fourth, NTR technology is safer and more reliable than conventional CRs in terms of both the risks of radiation exposure and system failure probability. Essentially, no radiation is released from an NTR at the time of launching in the Earth's atmosphere because it is not used when lifting off from the Earth. The launch from the Earth's surface to low Earth orbit (LEO: 185 km) is done by conventional CRs carrying the NTR system, so that the NTR starts up from LEO and continues to run to the deep space destination. The merits of an NTR in terms of mission safety and reliability are due to its much shorter transit time in a long-distance space mission. The reduction in time of an NTR results in the crew and spacecraft system being exposed to lower levels of space radiation, which are much larger than the NTR's own radiation. In addition, the shorter mission time also reduces the engine system failure probability, due to propellant leakage and material degradation by hot H 2 [2] .
Applications of NTR
The merited applications of an NTR include solar system exploration, transportation, and power support for the International Space Station (ISS), and near Earth object (NEO) missions. The first one includes human exploration missions to Mars and beyond, because an NTR is more reliable and flexible for long-distance space missions at lower costs than CRs. On the basis of launch cost, two NTR missions could be conducted with the same price of one CR mission. Second, a bimodal NTR is able to provide not only propulsion for transportation, but also electric power to the ISS. By using a bimodal NTR, the ISS can be placed into a lunar cycle orbit and be electrically powered for lunar exploitation [17] . In addition, an NTR is suited to conduct the missions for threat investigation or interception of NEOs, whether they are asteroids or comets. An NTR enables flight velocities over two times those achievable of CRs with the same amount of propellant, allowing interaction with a potential NEO threat in a shorter time or at a longer range [18] .
Concept design of KANUTER
The design of KANUTER includes a few innovative and potential concepts to enhance the performance compared to the existing NTR designs for the purpose of future generation utilization. This section summarizes the design description and features of KANUTER in terms of neutronics and thermohydraulics. Core D/H, core diameter and height; I sp , specific impulse; MITEE, miniature reactor engine; NERVA, nuclear engine for rocket vehicle application; NTR, nuclear thermal rocket; PBR, particle bed reactor; SLHC, square lattice honeycomb; SNRE, small nuclear rocket engine.
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3.1.
Design requirements and governing design parameters
The design requirements of KANUTER are mainly derived to improve engine performance over the existing NTR engines and to ensure multi-application potential for the future generation as briefly presented in Table 2 . In particular, the goal for the engine performance is mainly set to accomplish improved propellant efficiency (I sp ), a compact and lightweight system, and a sufficient lifespan, by taking into account the state-of-the-art NTR engine performance, the advanced nuclear material technology, as well as the 2033 human Mars orbital mission requirements: a mission period of 600 days and a DV budget of 8.42 km/s [9] .
The I sp should be no less than 900 seconds, compared with the 865 seconds of the state-of-the-art technology. To achieve the high I sp , the maximum temperature of the reactor core should be > 3,000 K and correspondingly the reactor requires an advanced heat-resistant nuclear fuel and efficient cooling capability. Second, the system should be compact, lightweight, and resultantly have a high thrust-to-weight of engine (T/W eng ) ratio by thermalizing neutron energy spectrum and selecting lightweight materials of the reactor. Third, the lifespan should be sufficient to carry out a long-term manned mission to Mars. Fourth, the system should be optionally configured as a bimodal engine to generate essential electric power by being equipped with a dynamic power conversion system that utilizes the reactor's surplus energy. In addition, mission versatility is also a consideration for multiapplication competence, so that various scale missions, from robotic science missions requiring low-thrust to manned missions requiring high-thrust, can be performed. Thereupon, the system needs to be a small and modular system with relatively low thrust, but a high T/W eng ratio that can meet the required thrust levels by a clustered engine arrangement. For example, a lightweight robotic science mission could require only two to five engines, while a massive human mission could demand over 10 engines. The clustered engines are also able to improve redundancy and survivability, as well as highthrust, even if the weight of a spacecraft is increased.
3.2.
System description KANUTER, as a bimodal NTR engine utilizing H 2 propellant, mainly consists of a 100 MW th EHTGR, a propulsion system and an electricity generation system (EGS) as depicted in Fig. 2 .
The following subsections specifically describe the design characteristics and considerations of the fuel element, the EHTGR, and the bimodal engine system.
Heat-resistant fuel and integrated fuel element
The integrated fuel element uniquely houses a heat-resistant fuel assembly, a fuel support shroud, an annular moderator cooling channel, a moderator block, and an individual pressure tube as an all-in-one compact design, as shown in Fig. 3 . The nuclear fuel should avoid melting, deformation, cracking, and corrosion, caused by high temperatures (of >3,000 K), high pressure H 2, and radiation in the EHTGR. Table 3 lists the advanced nuclear fuel options designed to overcome the harsh conditions for the next generation of NTR reactors. Those fuel options mainly include the series of carbide fuels [19] and the tungsten-uranium dioxide ceramic-metallic (W-UO 2 CERMET) fuel [20] . In particular, the (U, Zr, Nb)C solid solution fuel is a promising option for KANUTER to increase safety margins and the resultant rocket performance, due to its high melting point, high thermal conductivity, improved H 2 corrosion resistance, and good retention of fission material [21] . This ternary carbide fuel is predicted to tolerate the hot H 2 condition for up to 2 hours with only small mass losses. In the actual hot H 2 tests carried out in the Innovative Nuclear Space Power and Propulsion Institute (INSPI), the ternary carbide fuel withstood 4.5 hours at > 2,500 K with <1% uranium (U) loss [19] . In the case of the ternary carbide fueled reactor tests performed by Russia/ the former U.S.S.R, the H 2 exhaust temperatures were rated at 3,100 K for >1 hour and 2,000 K for 2,000 hours [22] . The other fuel options such as (U, Zr, Ta)C or W-UO 2 CERMET are also potential options, depending on technical maturity or engine performance requirements. However, these carbide fuels are very problematic to process and shape for complex core geometries with microsize cooling channels, due to their high melting points, low ductilities, and diffusion bonding difficulties. Accordingly, the square lattice fuel design proposed by the INSPI of the University of Florida [19] was selected for the fuel assembly of KANUTER. In the square lattice fuel assembly design, the ternary carbide fuel is first manufactured into 0.50 mm~1.50 mm grooved wafers, and then the fuel wafers are interlocked with each other to form the square lattice geometry. Particularly, the square lattice fuel assembly creates numerous square flow channels (SFCs) among the wafers as described in Fig. 3 . The SFCs maintain a 30% void fraction of the fuel assembly to ensure a critical fuel mass, and to substitute for circular cooling channels of the existing hexagonal fuel design of NERVA [23] . The H 2 propellant passes through these SFCs to cool down the fuel and to be heated to a high temperature. The U enrichment of the fuel is assumed to be 93 wt% 235 U/U for a small-size and high-performance design.
Various fuel compositions of the tricarbides could be used to adjust required U densities from 0.7 g/cm 3 to 1.6 g/cm 3 depending on the neutronic and thermohydraulic N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 6 7 8 e6 9 9
requirements of the EHTGR [24] . The square lattice fuel design satisfies the required fissile mass as well as easy fabricability for the delicate cooling channels. It is able to not only remove the very finical diamond drilling of the tubular coolant channel, but also reduce thermal stress on the fuel assembly by leaving marginal spaces at each end of the fuel wafer. The fuel assembly is supported and surrounded by three layer tubes depending on their structural and thermal considerations: first, a carbon fiber-reinforced carbon (C/C) shroud protectively coated with zirconium carbide (ZrC); second, a metal hydride moderator block protected by a thin ZrC-coated C/C jacket; and third, a C/C pressure tube as depicted in Fig. 3 . The first ZrC-coated C/C shroud is highly heat and corrosion resistant in order to directly support the fuel assembly and to insulate the very high temperature H 2 . The second moderator block is made of a metal hydride such as 7 lithium hydride ( 7 LiH) or zirconium hydride (ZrH 1.8 ). The third C/C pressure tube has a superior strength to endure the harsh stress in the individual fuel element. In particular, there is an annular moderator cooling channel between the first C/C shroud and the C/C jacket of the hydride moderator to insulate the high thermal energy conducted from the fuel assembly, to cool the moderator, and to transfer the thermal energy to the PFS and EGS. This integrated fuel element is axially connected with the cylindrical caps at the top and bottom of it. The top cap consists of a C/C pressure shell and beryllium (Be) filler. The bottom tip is sealed with a C/C support block integrated with the shroud and pressure tube of the fuel element. These top and bottom caps also act as the axial reflector. The integrated fuel element design has the characteristics of resistance to high temperature, pressure, and corrosion, as well as fabricating simplicity.
Moderated EHTGR
The fission reactor type of KANUTER is an EHTGR, the maximum core temperature of which exceeds 3,000 K, using H 2 coolant (also as a propellant). The H 2 is the best option of the NTRs' propellant candidates because of its low molecular weight, good thermal properties, and thus high propellant efficiency. As shown in Fig. 4 , the heterogeneous core of the EHTGR consists of 37 integrated fuel elements arranged in a hexagonal prism pattern. The Be spacers, which include the structure cooling channels, occupy the plenums among the fuel elements as a core structure support, moderator, and a good thermal conductor. Again, the core is surrounded by the reflector composed of Be e Be e C/C layers to reduce neutron leakage. Particularly, the outer Be e C/C layers also serve as a pressure vessel (PV). Thus, the combination of the Be e C/C PV and the individual C/C pressure tubes of the fuel elements substitute a heavy PV which is typically mounted on other 
NTR reactors [14] . In order to control the reactor's reactivity and in turn the power, cylindrical rotating control drums, each of which partially comprises a boron carbide (B 4 C) neutron absorber, are symmetrically placed in the radial reflector. The reactor's reactivity goes in a supercritical state with the B 4 C parts of the control drums rotated out and in a subcritical state with the B 4 C parts rotated in. These reflector and control drums also have suitable cooling channels to lessen the radiation-induced heating.
To maintain a critical state with even a small amount of fuel, and thereby a lightweight and small size reactor, the heterogeneous core of the EHTGR creates a thermalized neutron energy spectrum. The mass of (U, Zr, Nb)C fuels in the core are estimated at 40~50 kg with 4~9 kg of 235 U depending on moderator types at a fuel element pitch to diameter (P/D) ratio of 2.0. When the core loads 7 LiH moderator, the required fuel mass with a U density of 0.71 g/cm 3 is only 41 kg, which contains about 4 kg of 235 U. In the case of the ZrH 1.8 moderator core, the amount of 235 U should be increased to over twice that of the 7 LiH moderator core due to the lower moderating performance. Thus, the required fuel mass is estimated to be about 50 kg with a higher U density of 1.47 g/cm 3 [24] . The other components are composed of the metal hydride moderator and the structural materials such as C/C and Be. The core components are arranged depending on their functional considerations such as heat resistance, neutron moderation, and strength. The mass of the 7 LiH moderator is N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 6 7 8 e6 9 9
estimated to be only 13 kg. In the case of ZrH 1.8 moderator use, the mass is largely increased to 93 kg. The mass of the reflector (including the PV) and control drums is estimated at 97 kg. The primary structural material, C/C, is a potential option to minimize reactor mass and radiation-induced heating due to low densities (~2.0 g/cm 3 ), high strength at high temperature, high thermal conductivity, low thermal expansion, and a superior neutronic cross section to other candidate materials [13, 25] . All the surfaces of the C/C components in contact with H 2 should be protectively coated with ZrC to prevent corrosion. Table 4 presents thermophysical and neutronics properties of the moderator and reflector candidates for the EHTGR [25e29]. Thereupon, the reference mass of the EHTGR with the 7 LiH moderator is estimated to be just 180 kg. When the moderator is changed to ZrH 1.8 , the EHTGR mass is estimated to be 268 kg at the same size. Although the reactor mass utilizing the 7 LiH moderator is lower than that seen with ZrH 1.8 due to the higher moderating ratio and lower density, the lightweight moderator could require more complex and efficient cooling methods such as a direct inflow cooling in its block or particle bed because of the poor thermal properties.
This EHTGR is operated in two modes of propulsion and electricity generation by adjusting the control drums for the bimodal capability. In the propulsion mode, the reactor power is 100 MW th for both propulsion and electricity generation. The required total operation time in the full power mode for the NASA Mars mission is about 2 hours and the longest single burn time is around 50 minutes. In the case of the electricity generation mode, the reactor is operated at only 100 kW th power for the EGS utilizing a dynamic power conversion cycle. The required operation time in the idle power mode is about 600 days for the 2033 human Mars mission [8] .
In summary, the moderated EHTGR has a few characteristics of the small and lightweight system, high fuel power density, and protective cooling. The size and weight are greatly reduced by the low U requirement due to the thermalized neutron spectrum, the low density materials, and the elimination of a typical heavy PV. The EHTGR adopts low power to enhance the mission versatility requiring various thrust levels by the multiple engine arrangement. Although the EHTGR's power is low, the power density is higher than that of the NERVA derived NTR reactors having 2~5 MW th /L, which indicates a higher T/W eng ratio. In addition, one of the challenging issues of the EHTGR is to mitigate the severe heating in the core and thus to transfer the thermal energy to the power conversion systems for both propulsion and electricity generation. In this regard, the EHTGR evenly distributes the protective and regenerative cooling channels such as the numerous SFCs in fuel, the annular moderator cooling channels, and the structure cooling channels in the core. Table 5 summarizes the reference design parameters of the EHTGR. 
Bimodal engine system
The NTR engine could be configured for the bimodal functions of both propulsion and electricity generation utilizing one fission reactor to reduce the mass of a spacecraft. It consists of the EHTGR, the propulsion system, and the EGS as shown in Fig. 2 . This bimodal engine is operated in the two modes of propulsion with 100 MW th full power and electricity generation with 100 kW th idle power. The two operation modes are switched and controlled by the control drums for the power and the control valves for the propellant flow. The mass of the engine, excluding the EGS, is estimated to be 390 kg including 50% contingency to cover design uncertainties and shadow shield mass.
3.2.3.1. Propulsion system. The propulsion system is mainly made up of a PFS comprising a TPA and a propellant management unit, a regenerative nozzle assembly, a thrust vector control, and an instrumentation package. This system only operates in the propulsion mode not only to produce thrust, but also to concomitantly generate electricity. Although all of the components of the propulsion system are not specifically designed to date, it is possible to manufacture them on a small scale with better quality using the already proven technologies that have been developed since the NERVA and the Space Nuclear Thermal Propulsion (SNTP) [30] projects. The key element of the propulsion system is the TPA, which mainly consists of a rotodynamic pump and a driving gas turbine to feed the propellant to the EHTGR and in turn to the nozzle assembly. The TPA utilizing the H 2 working fluid converts a small portion of thermal energy of the EHTGR into dynamic energy to make the flow continue for the self-sustaining system. Uniquely, the TPA of the KANUTER PFS is equipped with an auxiliary alternator to generate electricity in the propulsion mode or in the emergency of the EGS malfunctions. The nozzle assembly expands and accelerates the H 2 heated in the EHTGR, so that the exhaust gas exits the nozzle at hypersonic velocities to produce thrust. To protect the nozzle assembly from the high temperature H 2 , a regenerative cooling configuration is applied, which means a portion of the unheated propellant is passed through a nozzle cooling jacket. The primary material options of the nozzle assembly are aluminum with C/C liner, Inconel with NARloy liner or a refractory carbide-coated C/C. The aluminum and Inconel nozzles are the baseline in terms of proven technologies. However, the coated C/C nozzle, which was proposed at the SNTP [30] , is also an innovative and feasible design, although the concept is somewhat unproven in such a large scale nozzle. The merits of the coated C/C nozzle are low weight, superior high-temperature strength largely reducing the cooling requirement (potential for radiation-cooling) [31] and easy integration with the C/C PV of the EHTGR. Another innovative nozzle designing option is a clustered nozzle assembly concept, in which 37 individual small C/C nozzles integrated with the fuel elements replace a common heavy single nozzle [14] . In this option, blending of the individual exhaust gas from these small nozzles slightly reduces the total thrust compared with a heavy single nozzle, whereas the shortened nozzle length could lighten a weight of the nozzle assembly (about two times) and thus the engine mass. The mass estimation of the each component is based on rough scaling from the SNTP program [30] in accordance with the reactor power or the thrust differences. The mass of the propulsion system is predicted to be 120 kg including 50% contingency of the mass estimation. The detailed engine mass budgets are included in Table 6 .
Both rocket engine cycle options of a hot-bleed cycle and an expander cycle were considered for the propulsion system. The hot-bleed cycle simply utilizes a small fraction of high temperature H 2 withdrawn from the thrust chamber and mixed with unheated H 2 to operate the TPA; after that, the H 2 is exhausted through additional auxiliary nozzles. This hotbleed cycle is relatively simple, while its rocket performance is degraded by the temperature loss of the bleed gases to drive the turbine. In the expander cycle, the intermediate 
temperature H 2 heated in the secondary reactor components expands in the TPA to drive its pump. Then, the H 2 re-enters the fuel zone in the core where it is heated to high temperatures, and exhausted through the nozzle assembly. Although this expander cycle is more complex because both reactor and PFS are tightly coupled, it is 2~3% more efficient than the hotbleed cycle [7, 30] . As part of a preliminary study, the expander cycle was selected for KANUTER since the regenerative cooling channels in the core and the nozzle assembly could ensure plentiful heat transfer to the PFS, while the pressure loss is also sufficiently low.
3.2.3.2. Electricity generation system. The EGS, which operates only in the electric power mode with 100 kW th reactor power, converts the thermal energy of the EHTGR into the electric power required for spacecraft operation. This system eliminates the need for additional larger and heavier electric power sources like RTGs or solar electric systems. The dynamic power conversion options for the EGS include Stirling, Brayton, and Rankine cycles to ensure both high efficiency and small radiator size [32] . The Stirling cycle could offer great potential at relatively low power under a few tens of kW e , but its immature technology may result in high risks for long-term space applications [33] . Both Brayton and Rankine cycles are able to yield high power and efficiency on the basis of proven technology [34] . In the particular case of KANUTER, however, the relatively low temperature of the working fluid at the moderated EHTGR's outlet (the turbine inlet) restricts the power conversion efficiency of these power cycles, because the maximum temperature at the turbine inlet is limited by the moderator's melting point (962 K of 7 LiH and 1,073 K of ZrH 1.8 ). In addition, the heatsink radiator also restricts the power conversion efficiency, since the radiator temperature related with the back work of a compressor or pump should be as high as possible to minimize its size and mass in space. Typical working fluids for the dynamic power cycles in space are inert gases, e.g., helium (He), argon (Ar), xenon (Xe), or mixtures for the Brayton cycle, and liquid metal or organic compounds, e.g., toluene, Dowtherm A or RC-1 for the Rankine cycle [34] . Table 7 presents the performance comparison between the Brayton and Rankine cycles for reference for the conditions particular to KANUTER. The results were calculated using thermodynamic equations under simplifying assumptions such as standard cycles, steady states, adiabatic processes, an absence of pressure losses, the same turbo machinery efficiencies and radiator emissivity (0.9), turbine inlet temperatures considering the moderator's melting point, similar radiator sizes, etc. The working fluid options are assumed to be He or Ar for the Brayton cycle, and steam/water or toluene as an organic compound. The results indicate that the thermal efficiency of the He Brayton cycles (h th ¼ 3.5%) is about five times lower than about 18.6% of the Rankine cycles in similar conditions of the radiator areas (around 50 m 2 ) and the turbine inlet temperatures of <750 K. The cycles' efficiency difference is because the compressor of the Brayton cycles requires a huge back work compared with the pump of the Rankine cycles. Even if the turbine inlet temperatures of the Brayton cycles are increased to 850 K (utilizing ZrH 1.8 ), the thermal efficiency is up to 8.3% with a 56 m 2 radiator area, which is still lower than that of the Rankine cycles. In order to achieve both a reasonable thermal efficiency and a small radiator size in the Brayton cycle, the temperature of the turbine inlet should be at least 1,000 K, which is impossible in the EHTGR due to the moderator temperature limit. In addition, although the use of reheating or regeneration units in the Brayton cycles could raise the thermal efficiency, the increased mass and complexity of the system might offset the efficiency benefit. Therefore, the Rankine cycle options are more promising from the viewpoint of a power cycle's efficiency in the limited conditions. However, the Rankine cycles must overcome the handling and separation issues of two-phase flow for their condenser, which are problematic in zero gravity. Additionally, the system should prevent working fluid from freezing upon the EHTGR shutdown, and the water/steam option could be corrosive to the EGS components. Although innovative concepts such as direct-condensing radiators [35, 36] or liquid droplet radiators [37] , even operating in zero gravity, were proposed, their reliable and long-life operation has not been fully established. In addition, the bimodal design involves much complexity in the engine system, and also requires very precise power control. To put these particular conditions in perspective, more in depth studies on the bimodal system are needed to determine whether the EGS is profitable or not in terms of the limitations of the moderated EHTGR. 
3.2.3.3. Reference operating conditions. Figs. 5 and 6 show the reference component-level operating conditions in the steady-state of both propulsion and electric power modes for KANUTER. The operating conditions are, respectively, assumed to use the expander cycle and the standard Rankine cycle for referential purposes only. The results were calculated by the one dimensional (1-D) propellant thermodynamic models using the gas properties from the NIST REFPROP 9.0 (under 900 K) [38] and the NASA chemical equilibrium (>900 K) [39] , and under simplifying assumptions such as steady-state, adiabatic, turbo machinery efficiencies, ideal nozzle, standard cycle, etc. In particular, the 1D thermodynamic model of the propulsion system computationally simulates the propellant flow through the major engine components including the EHTGR, PFS, and nozzle assembly, and ensuing power conversion performance for thrust, propellant feeding, and electricity generation [40] . The propulsion mode uses 100 MW th power in the expander cycle both to create a thrust, and electric powers of 14~16 kW e . In this mode, the EGS does not operate because the H 2 temperature after the cooling of the secondary reactor components and the nozzle assembly is too low, < 320 K, and the resultant radiator size would be too large. Instead, the auxiliary alternator is mounted on the TPA shaft to generate electricity in the propulsion mode. As described in Fig. 5 , the H 2 flows through the open expander cycle in order of (A)~(H) components both to cool the EHTGR and the nozzle assembly, and to convert the thermal energy to the powers of thrust, propellant feeding, and electricity. The cold H 2 stream pumped through the TPA of the PFS first splits up into both of the structure cooling channels in the core spacers, and the regenerative cooling channels of the nozzle cooling jacket and the ensuing reflector. Most of the coolant flows into the core and the rest is used to cool the nozzle assembly and the reflector. The portion of the core bypass stream is mainly determined by the types of nozzle design. In this study, utilizing the heat-resistant C/C nozzle, the portion of the core bypass stream is assumed to be 10%. Again, the main stream after passing through the structure cooling channels is fed into the annular moderator cooling channels at the bottom of the fuel elements. In the fuel elements, the H 2 flows up through the moderator cooling channels to protect the moderator from the fuel's thermal attack and then gathers into the outlet plenum of the upper reactor vessel head. Another core bypass stream also comes into the outlet plenum of the reactor vessel and is mixed with the main stream after cooling the nozzle and reflector. Then, the heated H 2 flows out to the TPA uniquely equipped with an auxiliary Fig. 5 e Reference component-level operating conditions of the propulsion mode. EGS, electricity generation system; EHTGR, extremely high temperature gas cooled reactor.
N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 6 7 8 e6 9 9 alternator for both propellant feeding and electricity generation. After the power conversion in the PFS, the H 2 streams down into the square lattice fuel assemblies in the core again to be heated to 3,000 K, before it expands out through the nozzle assembly to produce a thrust. Most of the reactor power is used to produce the thrust through the nozzle assembly, and only 18 kW th power is converted to 16.2 kW e of electric power. The referential state points and rocket performance at the propulsion mode are included in Fig. 5 .
In the case of the electric power mode, the reactor is operated at just 100 kW th idle power, and the Rankine cycle is assumed to be the EGS to generate around 15 kW e electric power. The EGS consists of two closed loops where the first is for the EHTGR's heat transfer and the second is for the electricity generation as depicted in Fig. 6 . The first loop mainly uses the existing EHTGR, utilizing H 2 or He working fluids, a low pressure compressor, and a heat exchanger as an evaporator to transfer the heat from the EHTGR to the second power conversion loop. In the first loop, the working fluid is forced from the low pressure compressor and flows into the existing cooling channels in the core components excluding the fuel assembly. However, the working fluid does not flow out to the PFS for propulsion, but runs to the heat exchanger for heat transfer to the second power conversion loop, and flows back to circulate the closed loop. Most of the fuel heat is transferred to the annular moderator cooling channels by heat conduction through the fuel support shrouds in the fuel elements. In the moderator cooling channel, the temperature of the coolant increases to the maximum 850 K, which is strictly limited under the melting temperatures of the moderators such as 962 K for 7 LiH and 1,073 K for ZrH 1.8 . The second power conversion loop mainly consists of an evaporator, a turbine with a main alternator, a condensing radiator, and a pump. As presented in Fig. 6 , the working fluids in the two closed loops are circulated in order of the first loop's components (A)~(C) and the second loop's components (D)~(G) for electricity generation. When the working fluid of the second loop is assumed to be water/steam for only referential purpose, its thermal efficiency is rated at 18.2% due to the low back work (0.21 kW th ) of the pump, and thus the electric power output is estimated to be 16.4 kW e with a radiator area of 50 m 2 . In the consideration of the compressor work (1.5 kW e ) of the first loop, the net power output of the EGS is estimated at 14.9 kW e , so that the radiator area is 3.4 m 2 /kW e , as shown in Fig. 6 . In the case of the organic working fluid of toluene, the thermal efficiency and radiator size are similar to the results of the water/steam power cycle.
The transient period operation between the propulsion and electric power generation modes is also a critical issue in demonstrating the feasibility of a bimodal system in terms of decay heat removal and finical power control. The current design assumes that the system uses both the existing turbopump of the expander cycle and the EGS to remove the reactor's decay heat after the downward power changes. When Fig. 6 e Reference component-level operating conditions of the electric power mode. EGS, electricity generation system; EHTGR, extremely high temperature gas cooled reactor, PFS, propellant feeding system.
N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 6 7 8 e6 9 9 the decay heat is higher than the capacity of the EGS in early stages after a downward power change, extra propellant would be pulsed through the reactor for cooling and low efficient propulsion. For the post burn engine cooldown, the entire amount of propellant for a mission includes 3% margin of usable propellant [12] . To ensure sufficient propellant flow during the post burn engine cooldown, an auxiliary electric motor connected with the turbo-pump or an extra passive decay cooling system utilizing thermoelectric cells might also be required. After the decay heat generation drops to under the EGS capacity, the EGS is only able to remove the residual decay heat. Additionally, the system needs special power sensors and control logic for the huge power change control. As presented in these referential operating conditions, KANUTER has the characteristics of high efficiency, low weight, and bimodal capability as an innovative NTR engine. The reference design parameters are summarized in Table 6 .
3.2.3.4.
Reference mission performance. The major benefits of KANUTER are to significantly reduce the propellant mass and initial mass in LEO (IMLEO) of a spacecraft. The relatively low thrust and power of KANUTER can be compensated by increasing the number of the modular engines (in a clustered arrangement) since the weight of the engine is ultralight. The clustered engine arrangement is also able to enhance redundancy, survivability, and mission versatility as well as the thrust and resultant DV. For example, Table 8 shows the mission performance comparison among various rocket engines based on the NASA 2033 Mars orbital mission requirements: 600 days of the mission period and 8.42 km/s of the mission DV [9] . The results were calculated using simple rocket equations and under several assumptions such as 71 t of crewed payloads, the maximum burn time within 2 hours for propulsion, three restarts, one jettison of two propellant tanks after the first burn, and tankage mass fractions considering tanks and support structures. The total propellant loading includes a 6% margin of usable propellant to consider performance reserve, H 2 leakage, post burn engine cooldown, and tank trapped residuals. The CR considers only a 3% propellant margin to exclude the cooldown margin of 3%. The tankage mass fractions are assumed to be 0.25 for the NTRs and 0.13 for the best CR in order to consider the extra mass associated with the reactor and the shielding system. The number of engines was determined by the total thrust level required to achieve the same DV of 8.42 km/s within the maximum burn time. As the final outcome, the required propellant mass was estimated by the burn time and propellant flow rate to compare the rocket performance. KANUTER used a total of 15 engines: five for bimodal and 10 for propulsion, only to produce 293 kN of thrust and 50 kW e of electric power while being operated at 70% of the rated power. The mass of the total engines, propellant, and IMLEO are estimated at 5.9 t, 209 t, and 357 t, respectively. This result shows the mass savings of KANUTER compared with those of the best CR and the NERVA-derived engines. In this study, the most influential variable for determining the required propellant mass and IMLEO is the I sp , but the impact of engine mass increasing is relatively low compared with the tremendous mass of propellant and propellant tanks. Thereupon, KANUTER can reduce the propellant mass by about 24% compared with that of the small nuclear rocket engine, despite its larger number of engines. Additionally, the best CR demands at least three times as much propellant mass compared with that of KANUTER.
3.3.
Design features of reactor
Neutronic design features
The EHTGR of KANUTER has a complicated and heterogeneous core design which utilizes a thermal neutron spectrum 
to reduce the reactor's size and mass, to arrange the protective cooling channels, and to ensure the system integrity. The EHTGR is assumed to yield 100 MW th power with an average fuel power density of 14.7 MW th /L. The core mainly consists of 37 integrated fuel elements comprising the square lattice fuel of (U, Zr, Nb)C and a metal hydride moderator. In this study, the moderator material is assumed to be 7 LiH due to its good neutronic performance. The core is surrounded by the reflector layers of Be e C/C. The six control drums partially containing a B 4 C neutron absorber are symmetrically arranged in the radial reflector. For this reactor design to be feasible, the EHTGR's criticality must first be achieved in the appropriate dimensions and mass. In addition, the EHTGR must have a sufficient lifetime (burnup) at the desired power level with minimal fuel. The power distribution of the EHTGR is also a significant issue, because large power peaking could cause local fuel failure, such as melting or deformation by local heat concentration and thermal stress. As a preliminary design study, the Monte Carlo codes MCNPX 2.7 [41] and Serpent 2 [42] were used in conjunction with the ENDF-VII.0 neutronics library to simulate the reactor physics and to resultantly estimate the criticality, burnup, and power distribution of the EHTGR [43] . In the following, the neutronic design features of the EHTGR are described.
First, the EHTGR has a fully thermalized neutron spectrum compared with fast or epithermal reactors of the typical NTRs. Fig. 7 shows the neutron energy spectrum of the fuel, which has a high concentration of neutrons in the thermal energy regions. In the thermal neutron spectrum, the EHTGR achieves an effective neutron multiplication factor (K eff ) of 1.0351 (standard deviation: 0.00013) despite the ultra-small size and mass: 50 cm of diameter (at a P/D ratio of 2.0), and 180 kg reactor mass containing only 4.1 kg of 235 U. The total reactivity swing of the rotating control drums is about $ 7.3 (with a delayed neutron fraction of 0.0075), ranging from a K eff of 0.9805 (standard deviation of 0.000025) up to 1.0351. The thermal spectrum and lightweight characteristics are largely attributed to the 7 LiH moderator. The 7 LiH moderator not only has a high neutron scattering cross-section in the thermal energy range due to its high hydrogen content (12. 68 wt% H in 7 LiH), but also a relatively high melting temperature (961.7 K), a low dissociation pressure (~2.66 kPa at the melting point), and a low density (0.77 g/cm 3 ) [28, 44] . Another promising candidate of the metal hydride moderators is ZrH 1.8 , which has a higher melting temperature of 1,073 K and better thermal conductivity of 17~18 W/(m$K). When the 7 LiH moderator is replaced with ZrH 1.8 under the same P/D ratio, the required 235 U mass is increased to >9 kg. To achieve more fissile mass, the U fraction of the (U, Zr, Nb)C fuel should be about two times higher than that of the 7 LiH moderator core at the same fuel volume. A K eff of the ZrH 1.8 moderator core is rated at 1.0208 (standard deviation: 0.00014) with a higher U density of 1.47 g/cm 3 in the fuel. This result indicates that 7 LiH is a better moderator than ZrH 1.8 in terms of neutronic performance. To use 7 LiH as a moderator, however, very high isotopic enrichment of 7 Li is required because even a small inclusion of 6 Li causes a large reactivity penalty [45] . In addition, the 7 LiH moderator could require a more complex and efficient cooling method due to the poor thermal properties. The critical mass and size of the EHTGR could be further reduced by the optimization of the P/D ratio, which relatively adjusts the amounts between fuel and moderator. Expansion of a P/D ratio increases the amount of moderator, so the neutron spectrum is more moderated. If the core is under moderated, a higher P/D ratio increases K eff and vice versa. The thickness of a reflector is also able to affect the critical mass and size, since the mass ratio of the reflector to reactor is relatively large.
Second, it is crucial that the EHTGR is able to operate for the required operation time. To achieve the 2033 human Mars orbital mission [9] , the bimodal EHTGR should operate both for 2 hours in the full power mode (100 MW th ) for propulsion and for > 600 days in the idle power mode (100 kW th ) for electricity generation. Fig. 8 shows a burnup cycle of repeated 2 hour full power burns for propulsion followed by a 0.0E+00 Neutron flux/unit lethargy Energy (MeV) Fig. 7 e Neutron energy spectrum of the fuel.
decay period of 15 days at near zero power. As can be seen, the lifetime of the EHTGR in the propulsion mode is estimated at > 80 hours, enabling 40 full power burn cycles if the fission product poisons are allowed to decay. In a real bimodal engine cycle for the Mars mission requiring multiple sharp changes in power between the two modes, however, the build-up of fission products, such as 135 Xe, has a significant impact on the operation of the moderated EHTGR. Fig. 9 depicts a whole burnup cycle for the bimodal mission, which is assumed to require a total of 2 hours of full power burn time for propulsion, and eight power changes to bimodally operate during the entire mission period. After the first power change from the longest full power burn (50 minutes) of the first trans-Mars injection to the idle power burn, the K eff dramatically falls to the minimum 0.9532 in just 15 hours. This is because the downward power change by a factor of 1,000 induces a significant increase of the 135 Xe poisoning effect on the reactivity. The N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 6 7 8 e6 9 9
Third, the power distribution in the EHTGR is a very significant issue, from a thermohydraulic point of view, in ensuring the integrity of the nuclear fuel, the maximum temperature of which would be far over 3,000 K locally. Fig. 10 depicts the axial and radial power distributions of the EHTGR which are not optimized to flatten the power peaking. The values of power peaking factors of the core are approximately 1.30 in the axial and 1.48 in the radial direction. The high power peaking is due to the large neutron leakage of the small core size and the thin reflector. Ideally, the power distribution of the core should be as flat as possible to mitigate excessive heat concentration at hot spots of the fuel, and thereby create higher H 2 exhaust temperature and resultant thrust. To lessen the power peaking, it is possible to adjust the U density variations of the fuel assemblies according to the core's temperature zoning axially and radially. Additionally, different fuel assembly void fractions needed to create the square fuel cooling channels according to the radial temperature zoning, can mitigate both radial power peaking and pressure drop in the core. The thicker reflector can also lessen the power peaking, but would result in the increase of the reactor's size and mass.
Thermohydraulic design features
The rocket performance of an NTR depends on some thermohydraulic constraints. The maximization of core temperature is the most important factor in creating a higher propellant efficiency (I sp ), if it is assumed that the NTR uses the lowest molecular weight H 2 propellant. Thus, the key design issues of NTR engines from a thermohydraulics point of view, come down to heat-resistance of a fuel material and its cooling channel design to maximize heat transfer in the core. In the case of KANUTER, the (U, Zr, Nb)C solid solution is adopted as its fuel material, which has a high melting point and thermal conductivity. However, the hardness and high melting temperatures of the ternary carbide fuels could make it difficult to manufacture finical fuel design with microsize cooling channels. Accordingly, KANUTER has a square lattice fuel design, which formulates the numerous SFCs occupying a 30% cross-sectional voided flow area in the fuel assembly [19] . The square lattice fuel design is simple and cost-effective in making delicate microsize cooling channels rather than the existing hexagonal fuel design which has circular cooling channels. In particular, in the square lattice design, the fuel wafer thickness (FWT) is directly correlated with the size and number of SFCs, and thus affects the mechanical strength of the fuel assembly as well as the thermohydraulic capability, mainly depending on the heat transfer area of fuel, as depicted in Fig. 11 . As the fuel wafers get thicker, the mechanical strength against both thermal and shear stresses improves, whereas the heat flux and fuel temperature increase because the heat transfer area decreases, and vice versa. Therefore, a thicker fuel wafer is mechanically strong with low pressure drop, while a thinner fuel wafer is thermally robust with less mechanical strength and higher shear stress. The optimum FWT will balance both thermal and mechanical resistances of the fuel assembly [19] .
In order to estimate the optimum FWT of the unique square lattice fuel design and thereby the maximum rocket performance of KANUTER in a steady-state, a preliminary thermohydraulic design study was carried out using both a 1D thermodynamic model to predict propellant state points of the entire system [40] , and a 3D computational fluid dynamics model, ANSYS CFX [46] , to analyze the detailed heat transfer of the complex SFC in the core [47] . In the propellant thermodynamic model, the thrust was estimated by 1D ideal nozzle calculation as having nozzle expansion ratios of 100 and 200. The calculated performance of an ideal nozzle is generally 1~6% higher than that of an actual nozzle. As a preliminary study, two thermal design criteria were taken into account to estimate the best rocket performance. The first design criterion was determined so that the maximum temperature in the fuel's center line must be below its melting point. To preclude fuel melting, the maximum fuel temperature limit of around 3,420 K was selected. This provides a 10% margin of the (U, Zr, Nb)C melting point for overpower uncertainties. Additionally, to ensure at least 2 hours engine operating time against hot H 2 corrosion in the core, the H 2 exhaust temperature at the fuel exit was limited to around 3,000 K, but it should be < 3,100 K as the second design criterion. This H 2 exhaust temperature limit was assumed from the Russian/former U.S.S.R reactor test results [22] . The equivalent SFC, containing two domains of fuel and propellant, was used for a simplified 3D analysis to reduce the computing time. The boundary conditions included the symmetric outer walls (cut surfaces) of the SFC, volumetric fuel energy deposition rates coupled with the axial and radial power distributions in the propulsion mode, 2.107 kg/s of the system MFR, etc. The volumetric fuel energy deposition rates, MFR, and The top of core (A) (B) Fig. 10 e Axial and radial power distributions of the extremely high temperature gas cooled reactor.
H 2 inlet states were taken from the neutronics and 1D propellant thermodynamic studies, respectively. Nonuniform local MFRs in the core were employed according to the radial locations of the fuel elements to mitigate the nonoptimized radial power peaking and ensuing severe local heat concentration. The weighting factors to the averaged MFR per fuel element were assumed based on the radial power profile according to the ring-shaped fuel element zones, as shown in Fig. 12 . Both the NIST REFPROP 9.0 at the temperature range down to 900 K [38] and the NASA chemical equilibrium at the temperature range of >900 K [39] were applied to evaluate the thermodynamic properties of H 2 . The thermal conductivity of the (U, Zr, Nb)C fuel was assumed to be a constant 50 W/(m$K). The major variables for this study were the FWTs of 0.75 mm, 1.00 mm, 1.25 mm, and 1.50 mm as the four unit SFC samples. Each unit SFC sample represented both the hottest channel in the central fuel element rating the highest radial power peaking factor of 1.48 to estimate the peak fuel temperature and core pressure drop, and the average temperature channel in an average fuel element to estimate the average rocket performance. The equivalent MFRs of the unit SFC samples were applied in proportion to the samples' cross-sectional flow areas. Table 9 summarizes the results of this study as a function of the FWT. The increase of the FWT causes a significant rise in the temperature at the fuel center line, but the averaged fuel exit H 2 temperature and the averaged chamber temperature are maintained at the same level regardless of the FWT increase, due to the constant MFR. In order to meet both peak fuel temperature limit and fuel exit H 2 temperature limit, the relevant FWT should be > 0.75 mm and <1.25 mm as presented in Fig. 13 . By contrast, the thicker FWT reduces the pressure drops in the core and ensuing entire system as shown in Fig. 14 . Additionally, the thicker FWT augments the mechanical strength of the fuel assembly, and also reduces the shear Fig. 12 e Nonuniform local mass flow rates in the extremely high temperature gas cooled reactor. FE, fuel element; MFR, mass flow rate. Fig. 11 e Thermohydraulic analysis models for the square lattice fuel assembly. FWT, fuel wafer thickness; SFC, square flow channel.
stress due to the pressure drop in the core. Therefore, the increase of the FWT lowers the required pump discharge pressure and resultantly enhances the structural integrity of the EHTGR. In this study, the optimum FWT is estimated to be around 1.00 mm to satisfy both thermal limits and lower pressure loss. There are no changes of rocket performance such as thrust, T/W eng ratio and I sp due to the constant chamber states and MFR, despite the large changes of the peak fuel temperature and system pressure as shown in Figs The preliminary studies on neutronics and thermohydraulics do not consider the material property changes due to the high temperature and radiation states, which could affect the neutronic, thermohydraulic, and thermomechanical performance in the core. Therefore, in future studies, a coupling analysis of neutronics, thermohydraulics, and thermomechanics is still required to prove the square lattice core design to be feasible and to estimate the optimum rocket performance.
Conclusions
Space exploration or exploitation is a realistic and reasonable goal for the long-term survival of humanity, even though the Fig. 13 e Temperature states as a function of the fuel wafer thickness in the extremely high temperature gas cooled reactor. I sp , specific impulse; T/W eng ratio, thrust-to-weight of engine ratio.
extremely harsh space environment imposes lots of severe challenges to space pioneers. In the harsh space environment, nuclear energy can offer more outstanding powers of heat, electricity, and propulsion compared to other energy sources. Particularly, NTRs, utilizing a fission reactor to create both thrust and electric power, is the most promising and viable option in achieving long-distance manned missions in space. The attractions of NTRs include excellent thrust and propellant efficiency, bimodal capability, proven technology, and safe and reliable performance. Thus, the bimodal NTR can be applied to various missions such as solar system exploration, ISS transportation and power supports, NEOs interception, etc. KANUTER is one of the innovative and advanced NTR engines for future generations. KANUTER mainly consists of the 100 MW th power EHTGR utilizing H 2 propellant, the propulsion system, and the EGS. To achieve the leading design requirements, KANUTER adopts the ultra heat-resistant ternary carbide fuel, protective cooling channels, a thermalized neutron spectrum core, a modular fuel element design with an individual pressure tube, and an EGS based on a dynamic power cycle. This bimodal engine is operated in two modes of propulsion with 100 MW th of full power and electricity generation with 100 kW th idle power. The reference design parameters indicate the characteristics of KANUTER as being a compact and lightweight system (341 kg engine mass), having excellent efficiency (944.5 s I sp ), and providing electricity (14~16 kW e ). Although the reference rocket performance was ideally estimated, the system design was not optimized. Thus, the actual performance may be slightly better or worse than the reference values. In addition, this compact and modular NTR engine, yielding relatively low power and thrust, can be Fig. 15 e Thrust estimation as a function of the fuel wafer thickness of the Korea advanced nuclear thermal engine rocket.
utilized for multi-applications requiring various thrust levels by the clustered engine arrangement. For example, KANTUER is able to achieve the NASA 2033 Mars orbital mission by using 15 engines (5 for bimodal) to produce 293 kN thrust and 50 kW e electric power with just a propellant mass of 209 t. This propellant requirement is far lower than 688 t of the best CR engine. However, there are a few substantial challenges in developing this innovative and futuristic NTR engine. First, the most critical problem is public acceptance, and gaining the support of policy makers. In this regard, clear and transparent information about not only advantages, but also safety, technical deficiencies, and risks of NTRs should be provided to the public to remove the exaggerated fear of nuclear energy. Second, there are a few technical issues to be solved such as verified heat-resistant fuel development, conservative cooling strategy for the fuel and moderator, excess reactivity and control design, and safety. Third, the security issue utilizing high enriched uranium (HEU) for the NTR must be resolved, because it is almost impossible for non-nuclear weapon states, not only to enrich U, but also to import HEU from other countries under the current Treaty on Non-Proliferation of Nuclear Weapons. If a non-nuclear weapon state never uses HEU for the NTR, then the only alternative is to utilize low enriched uranium (LEU) for a new type of NTR. The feasibility of an LEU fueled NTR was first proposed at KAIST [48] . The LEU-NTR concept is based on improving the neutron economy in the core by both neutron spectrum thermalization and nonfission neutron losses reduction. In particular, compared with the LEU-NTR concept, the thermalized EHTGR of KANUTER and its low impact of engine mass increase on rocket performance, strongly suggests the possibility of the KANUTER utilizing LEU fuel. Therefore, in future work, this research will focus on demonstrating the feasibility of a LEU-NTR, using a thermal neutron spectrum, and modifying the current HEU-design to a nuclear nonproliferative design utilizing an LEU fuel for KANUTER.
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